ABSTRACT: We measured settlement and recruitment of one of the main invertebrate herbivores in the Mediterranean, the sea urchin Paracentrotus lividus, in 2 neighbouring and contrasting habitats: a seagrass meadow and a vertical rock wall. We quantified and compared temporal and bathymetrical variability in settlement and compared settlement with recruitment over a 4 yr period. Two settlement peaks were observed each year, a main peak in spring-early summer and a second peak in autumn-early winter. Interannual variability in settlement was very high (ca. 1 order of magnitude). Settlement was generally higher on the rock wall than in the seagrass meadow. No appreciable successful recruitment was observed in the meadow during the 4 yr studied despite the arrival of settlers. The few juvenile urchins found in the meadow were encountered at the shallow part and were completely hidden between the rhizomes. However, no differential settlement on the rhizome stratum was observed. In contrast to the seagrass meadow, recruitment occurred every year on the rock wall. Despite the arrival of settlers in both habitats, the population in the seagrass meadow appears to be recruitment-limited and probably mainly sustained by immigration, while settlement and recruitment appear to determine, to a certain extent, adult population structure and dynamics on the rock wall.
INTRODUCTION
Sea urchins are among the invertebrates that play a major role in structuring and controlling benthic macrophyte communities. They are often considered strong interactors as changes in their relative abundance can dramatically change community composition and structure (Paine 1992 , Sala & Graham 2002 , sometimes causing severe overgrazing events with complete denudation of algal or seagrass communities (see reviews by Lawrence & Sammarco 1982 or Valentine & Heck 1999 . Their key role in benthic communities explains the interest of marine ecologists in different aspects of their biology and ecology, and the extensive literature devoted to these issues (e.g. Lawrence & Sammarco 1982 , Jangoux & Lawrence 1983 , Lawrence 2001 .
Several processes (e.g. predation, recruitment, migration, disease) exert a crucial role in sea urchin population dynamics and therefore influence their structure (e.g. Watanabe & Harrold 1991 , Hagen 1995 , McClanahan 1998 , Scheibling et al. 1999 . Among these, settlement and recruitment are probably of major relevance, as is known for marine invertebrates with planktonic larvae (Gaines & Roughgarden 1985 , Underwood & Fairweather 1989 , Minchinton & Scheibling 1991 . In fact, early benthic stages are major bottlenecks in many invertebrate life histories (Gosselin & Qian 1997 , Hunt & Scheibling 1997 .
Echinoids undergo conspicuous interannual variations in recruitment, whereby successful years are interspersed with years of poor recruitment (Ebert 1983 , Sala et al. 1998 , Balch & Scheibling 2000 . The conspicuous variability in recruitment can easily mask any evidence of other underlying processes regulating population dynamics (Fogarty et al. 1991) . Thus, more research is needed to achieve a full understanding of the importance of the early stages of the life history in regulating sea urchin abundance and population structure. To contribute to this end, we evaluate the variability in settlement and recruitment and their relative importance in determining the population structure and dynamics of the sea urchin Paracentrotus lividus in 2 representative, as well as contrasting, habitats in the Mediterranean.
Paracentrotus lividus (Lamarck) is one of the most important invertebrate herbivores in Mediterranean waters (Boudouresque & Verlaque 2001) , exerting a significant effect on algae, even at low densities (Palacín et al. 1998a) , and in seagrass communities (Alcoverro et al. 1997) . Whereas P. lividus is generally found at low densities in Posidonia oceanica (L.) Delile meadows (0 to 6 individuals (ind.) m -2 , e.g. Verlaque & Nédelec 1983 , Palacín et al. 1998b ), densities of 10 to 30 ind. m -2 are often encountered in shallow, hard substrate algal assemblages (e.g. Fenaux et al. 1987 , Benedetti-Cecchi & Cinelli 1995 , Sala et al. 1998 . P. lividus recruits are typically found in dense algal assemblages, rocky crevices and under boulders (e.g. Kempf 1962 , Verlaque 1984 , Sala & Zabala 1996 . In contrast, P. lividus juveniles are generally absent or at very low densities in P. oceanica meadows (Azzolina 1988 , San Martin 1995 , but see Azzolina & Willsie 1987 .
The apparently contrasting juvenile and adult population structures of Paracentrotus lividus generally observed in these 2 habitats could be the result of different settlement and recruitment patterns. We therefore evaluated settlement and recruitment of this species in both habitats to investigate the extent to which these processes can explain the differences in adult populations often encountered.
In the present study, we quantify settlement on artificial collectors in a variety of ecological conditions and measure recruitment from the abundance of juvenile sea urchins. Our specific goals were (1) to quantify and compare temporal (intra-and inter-annual) and bathymetrical variability of Paracentrotus lividus settlement between a Posidonia oceanica meadow and an algal assemblage on a vertical rock wall and (2) to compare settlement with recruitment and adult population structure over a 4 yr period.
MATERIALS AND METHODS
Study site. The study was carried out in the Medes Islands Marine Reserve (NE coast of Spain, northwestern Mediterranean Sea, 42°2' N, 3°13' E) between 2.5 and 10 m depth, where surface water temperature ranges between approximately 12°C in winter and 24°C in summer. This area contains a south-facing, vertical rock wall reaching from the surface to 6 m depth, where the slope becomes subhorizontal and the seagrass Posidonia oceanica meadow begins on sedimentary substratum, extending to more than 15 m depth. Sampling took place in these 2 contrasting habitats, which have the same degree of exposure to waves and currents. The sampling site at the rock wall was ca. 300 m away from that in the seagrass meadow. More details about this area can be found in Alcoverro et al. (1997) and Sala et al. (1998) (Ebert et al. 1994 , Balch et al. 1998 . Scrub brushes with vegetal bristles were used as they are easily treatable and effective for P. lividus (Hereu et al. 2004) . Brushes had an 18 × 6 cm wooden base with 2.5 cm long vegetal bristles. Individual brushes were attached to rope lines, suspended in the water column with a small subsurface float and anchored to the bottom. Brushes were collected in situ by SCUBA divers, carefully detached from the anchor and buoy, sealed underwater in individual plastic bags, kept in an ice chest and transported to the laboratory for further sorting. On the same sampling event, collected brushes were replaced by new ones. There were at least 3 brushes per experimental condition. Settlers were removed by rinsing the brushes with a highpressure freshwater shower while rubbing bristles by hand (Hereu et al. 2004) . The water was then subsequently filtered through a 250 µm sieve and the material collected from the filter was preserved in 70% ethanol in glass vials. Samples were sorted under a stereomicroscope, settled urchins were identified and test diameter (TD) was measured using a calibrated ocular micrometer. Both newly settled P. lividus and another echinoid species, Arbacia lixula, were found on collectors. We define settlers as newly arrived individuals on artificial samplers (i.e. postlarvae and early juveniles; Gosselin & Jangoux 1998) . The following aspects of settlement variability were explored.
Temporal and depth variability in settlement. Seasonal variability of settlement was monitored weekly or bi-weekly from April 2000 to July 2001. To assess interannual variability, additional samplings were performed in autumn-winter 2002 and early summer 2003. To assess depth variability, the seasonal monitor-ing was performed at 3 and 5 m depth on the rock wall and at 3, 5 and 10 m in the seagrass meadow (from April 2000 until July 2001; after this time settlement was measured at 5 m depth at both habitats). Brushes generally remained underwater for 1 or 2 wk, depending on the sampling period. To make data comparable, arrival of settlers was expressed as the number of settlers per collector and per week.
Stratum variation in settlement. As juvenile and adults of Paracentrotus lividus are generally found between the rhizomes of Posidonia oceanica when inhabiting seagrass meadows (Kempf 1962 , Azzolina 1988 , F. Tomas pers. obs.), we wanted to determine whether there was a difference between settlement on the rhizomes and on the leaves. During the spring peak of 2000 (May to June, n = 6 sampling events), collectors were deployed at 2 different heights within the leaf canopy in the seagrass meadow: at the top of the leaf canopy and near the rhizomes (without touching the seafloor).
Measurement of recruits and adult populations. For the seagrass meadow, 40 randomly placed 0.25 m 2 quadrats were sampled on transects positioned at 3 depth ranges (i.e. 40 quadrats at each depth range; approximately 2.5-4.0, 5.0-6.0 and 9.5-10.5 m); each transect was no more than 50 m away from the others. For the rock wall, 20 quadrats were randomly sampled between approximately 2.5 and 3.6 m depth and 20 more between 3.7 and 5.6 m depth. Since the rock wall ended at 6 m, no sampling at 10 m was possible there. The number of replicates were decided according to previous work , Sala et al. 1998 . All Paracentrotus lividus found in the quadrats were counted.
Measurements of population size structure were carried out by measuring the first 100 to 200 individuals found along randomly located transects (by surveying a band 1 m wide along the transect), encompassing an area of approximately 15 to 20 m 2 (Sala et al. 1998 ). The individuals were measured (TD without spines) to the nearest mm using callipers.
We define recruitment as the appearance of small individuals ≥ 5 mm TD (below this size we could not reliably discern them underwater in the transects) and less than 16 mm TD (<1 yr age; Azzolina & Willsie 1987 , Fenaux et al. 1987 , Grosjean et al. 1996 on natural substrates.
Statistical analysis. To compare settlement between the 2 habitats and depths, we carried out a factorial ANOVA with 3 fixed orthogonal factors (Time, Depth and Habitat) and their interactions. To test for significant differences in settlement among depths within the seagrass meadow, we used a 2-way ANOVA (fixed factors Time and Depth). Finally, to test for differences in settlement in the seagrass meadow between the foliar stratum and the rhizome, a factorial ANOVA with 3 fixed orthogonal factors (Time, Depth and Stratum) was used.
When overall significant differences were detected, a posteriori pairwise comparisons of means was performed using the Student-Newman-Keuls test (SNK; Zar 1989 ).
Prior to statistical analyses, normality and homogeneity of variance were checked for all data (Kolmogorov-Smirnov test and Cochran's C-test, respectively). We were unable to attain homoscedasticity even after trying several transformations of the variables studied, but as samples were large we considered ANOVA to be robust to departures from this assumption (Underwood 1997) .
RESULTS

Settlement variability
Urchins settled in collectors consisted of postlarvae and newly metamorphosed juveniles (Gosselin & Jangoux 1998) , and no larvae were found. The mean size of the newly settled urchins was very similar in both habitats, with a TD of 0.34 ± 0.04 mm (mean ± SD) for newly arrived settlers on the rock wall, and of 0.32 ± 0.04 mm for those settled in the seagrass meadow.
Two main settlement peaks were observed for Paracentrotus lividus each year: one in spring-early summer, and a second in autumn-winter (Fig. 1) . The spring peak was generally higher than the autumn one, especially in 2000. Indeed, a very strong interannual variability in settlement was observed (Fig. 1) , mostly concerning the importance of the spring peaks. Settlers of the echinoid Arbacia lixula were only found during the autumn-winter peaks (results not shown).
Settlement was generally higher on the rock wall than on the seagrass meadow (Fig. 1) ; these differences increased during the 2000 spring peak (see significant interaction in Table 1 ), when settlement on the rock wall was significantly higher (up to 3 times) than in the seagrass meadow (SNK test). No significant differences were found in settlement between 3 and 5 m depth at both habitats (Fig 2,  Tables 1 & 2) . Within the seagrass meadow, settlement at 10 m depth was significantly lower than at 3 and 5 m (Fig. 2b, Table 2 ). In this case, the significant interaction term (Time × Depth) indicates a different time course at different depths (Table 2) ; such differences were due to the much higher settlement at 3 and 5 m than at 10 m during the spring peak of 2000 (SNK).
Settlement of Paracentrotus lividus on the seagrass meadow was generally higher on the leaf stratum than on the rhizome (Fig. 3 ), but differences were significant only in the first 2 wk of May 2000 (Table 3 , SNK). 
Recruitment and adult abundances
On the rock wall, the population size-frequency distribution was bimodal, with a high proportion of recruits (i.e. individuals < 16 mm TD) and a second mode of large (6 cm TD) individuals (Fig. 4) . In contrast, sizefrequency distributions on the shallow (3 to 5 m) seagrass meadow were unimodal, dominated by large individuals (6 cm TD), with only a very small proportion, if any, of the population consisting of recruits (Fig. 4) . . To ensure that we were not missing recruits in the seagrass meadow, 3 cores (16 cm diameter × 30 cm height) were extracted on 18 October 2000 from the rhizome-sediment layer (the so-called 'matte'; see Mateo et al. 1997 ) between 2.5 and 4 m depth, and exhaustively searched in the laboratory. No juveniles were encountered.
While the size structure did not differ appreciably between 3 and 5 m depth on the wall, all recruits recorded in the seagrass meadow were always encountered in the shallow meadow (approx. 2.5 to 3.5 m). Within the meadow, no juveniles appeared at 5 m and neither juveniles nor adults were found at 10 m depth.
In the shallow seagrass meadow (i.e. 3 and 5 m depth) the density of Paracentrotus lividus was 4.7 ± 0.2 ind. m -2 (mean ± SE) and very constant throughout the 4 yr of sampling (Fig. 6) . In contrast, mean density on the rock wall was 3 times higher (15.0 ± 1.0 ind. m , with noticeable variation over the sampling period, although no consistent seasonal trend could be substantiated (Fig. 6) .
DISCUSSION
The aspects of the population dynamics studied for Paracentrotus lividus were clearly different between the habitats investigated; not only was adult density higher on the rock wall (and more variable with time), but adult size distribution also differed between habitats, as did settlement. Moreover, no appreciable successful recruitment took place in the seagrass meadow during the period studied. Therefore, markedly different processes appear to lie behind the apparently stable population structures observed (Romero et al. 1999) . Whereas settlement and recruitment appear to influence adult populations on the rock wall, our results suggest that the population in the seagrass meadow may not be sustained by local recruitment. We cannot rule out that low but steady recruitment or occasional good years of recruitment (Ebert 1983 ) combined with low mortality rates could be sufficient to maintain the population in the seagrass meadow. However, the almost complete absence of urchins of intermediate sizes during the years of study indicate that migration from neighbouring rocky substrates (walls and boulders) is a more likely explanation, as suggested for other populations of this sea urchin species (e.g. Turon et al. 1995) .
Strong temporal variability is a general feature in sea urchin settlement and recruitment (e.g. Ebert et al. 1994 , Balch & Scheibling 2000 , Lamare & Barker 2001 . A single settlement peak during early summer has often been recorded for Paracentrotus lividus (Azzolina & Willsie 1987 , Lozano et al. 1995 , Sala & Zabala 1996 , Hereu et al. 2004 ). However, settlement was only actually measured in the latter study, whereas in other works it was inferred from the observation of recruits. On the contrary, other authors have suggested the existence of a longer settlement period or 2 distinct peaks of P. lividus settlement in spring and autumn (Verlaque 1984 , Fenaux et al. 1987 , Lopez et al. 1998 , Guettaf et al. 2000 . Again, none of these studies measured settlement directly but inferred it either from larval data, from recruitment or from the gonadic cycle of adults. Our study clearly reveals the presence of an autumn-winter settlement peak which is smaller than the spring peak of the same year, but of the same order of magnitude as spring peaks of other years. Thus it is reasonable to accept the often suggested existence of 2 spawning periods for P. lividus (reviewed in Boudouresque & Verlaque 2001) , although histological data of gonads is needed to confirm this. The differences in settlement observed between the 2 habitats could be explained by the higher abundance of potential settlement induction cues on the rock wall. Larval metamorphosis, settlement or recruitment of Paracentrotus lividus and other sea urchin species are often induced by the presence of red coralline algae (e.g. Harrold et al. 1991 , Grosjean et al. 1996 and/or by the presence of conspecifics (Highsmith 1982 , Cellario & Fenaux 1990 , Gosselin & Jangoux 1998 , but see Gosselin & Jangoux 1996) . The abundances of both coralline algae (F. Tomas unpubl. data) and conspecifics were noticeably higher on the rock wall. However, differences in settlement between the 2 habitats could also be the result of the action of factors affecting distribution of larvae in the water column, such as water circulation patterns (Ebert & Russell 1988 , Pedrotti & Fenaux 1996 or biotic factors like larval aggregation for food or larval mortality through predation or food limitation (Ebert 1983 , Metaxas & Young 1998 . Furthermore, settlement of P. lividus in the study area is very patchy and follows a highly heterogeneous distribution even at a scale of tens of metres (Hereu et al. 2004 ). We cannot discern whether larvae actively selected a given habitat or whether the distribution of settlers observed was due to the spatial patchiness of larvae in the water column. Nevertheless, the net result was a pattern of higher settlement on the rock wall than in the seagrass bed, which was consistent over time. Therefore, a higher amount of potential recruits actually arrived on the rock wall during the period studied, and could explain, at least in part, the differences observed in adult abundances (Gaines & Roughgarden 1985) . Post-settlement processes are crucial in determining the success of recruitment. Early benthic phases of the life-history are often subjected to strong mortality in benthic invertebrates (e.g. Keesing et al. 1993 , Gosselin & Qian 1997 , Hunt & Scheibling 1997 and in sea urchins in particular (e.g. Azzolina & Willsie 1987 , López et al. 1998 . Dislodgement, physical conditions and disease are some of the factors which influence the success of juveniles after settlement (McEdward & Miner 2001) . Predation is also an important process in determining juvenile mortality of many invertebrates including sea urchins (Tegner & Dayton 1981 , Keough & Downes 1982 , Ebert 1983 . Indeed, the generally cryptic behaviour of juveniles of Paracentrotus lividus and other echinoid species, which hide in crevices or under boulders, has often been attributed to a predator avoidance strategy (Carpenter 1984 , Verlaque 1984 , Sala & Zabala 1996 .
Whereas recruitment on the rock wall appears to be coupled to settlement (e.g. after a strong settlement event in 2000, the percentage of recruits doubled the following year), post-settlement mortality appears to be limiting the population of Paracentrotus lividus in the seagrass meadow studied, as no appreciable recruitment was observed during the 4 yr studied despite the arrival of settlers. In fact, only 31 individuals with TD < 21 mm were found during the 11 sampling events performed (out of a total of 1924 individuals counted), all of them thoroughly hidden between the rhizomes in the shallowest part of the meadow (2.5 to 3.5 m) and never smaller than 14 mm TD. The most obvious difference between the shallower part of the meadow and the deeper parts (5 and 10 m), where no recruits were observed during the whole period of study, is the grade of rhizome burial by sand at the latter. It is plausible that rhizomes covered with sand do not provide an adequate substrate for recruitment due to the instability of the sediment and burial and smothering of juveniles. Recruitment in this and other Posidonia oceanica meadows appears to take place mostly between the rhizomes with sparse or no seagrass shoots (Boudouresque et al. 1980 , Azzolina & Willsie 1987 . However, no differential settlement was observed on the rhizomes in our study, so the distribution of recruits must result from post-settlement events.
Predation pressure on Paracentrotus lividus is probably very high in both habitats, as the main predators of juvenile and adult P. lividus, such as the fish Diplodus sargus, D. vulgaris, Labrus merula, L. viridis and Coris julis or the sea star Marthasterias glacialis (see Boudouresque & Verlaque 2001 for a review), are remarkably abundant at the study site (García-Rubies & Zabala 1990, F. Tomas pers. obs.). Nevertheless, the crevices in the rock wall where juveniles are often found (Verlaque 1984 , Levitan & Genovese 1989 , Sala & Zabala 1996 probably offer sufficient refuge from predators to enable some successful recruitment. In addition, the presence of adults, which are very abundant on the rock wall, can also favour recruitment, as juveniles hide between the spines of or underneath the adults (Tegner & Dayton 1981 , Rogers-Bennett et al. 1995 . In fact, the stability of the bimodal size distribution on the rock wall may also be the result of predation pressure (Sala & Zabala 1996) , since, as juveniles grow, they reach a threshold size (2 to 3 cm TD) at which refuges are no longer available and thus they become vulnerable to predators (Tegner & Dayton 1981 , Sala & Zabala 1996 .
The abundance of Paracentrotus lividus appears to decrease with depth, and sea urchins are mostly found between 0 and 10 m depth on hard substrates (Lozano et al. 1995 , Chelazzi et al. 1997 , Boudouresque & Verlaque 2001 . No distinct depth distribution pattern was observed in settlement, recruitment or adult population structure on the rock wall within the depth range studied (3 to 5 m depth). In contrast, a clear decrease in adult abundance was observed with depth in the seagrass meadow (no urchins present at 10 m), which was in accordance with the settlement data obtained (lower settlement rates at 10 m). Given the lack of recruitment observed below 4 m depth during the period studied, and the stability of the population in the meadow (no P. lividus have been observed at 10 m depth in this meadow for at least 10 yr; Romero et al. 1999) , the absence of urchins at 10 m depth is probably the result of other processes rather than, or in combination with, low settlement.
In summary, we found noticeable differences in Paracentrotus lividus settlement at various levels: interannual, seasonal and between nearby habitats. The depth range studied at both habitats (3 to 5 m) and the stratum within the seagrass meadow seemed to be less important. Despite the arrival of settlers at both habitats, the population in the seagrass meadow appears to be recruitment-limited (Karlson & Levitan 1990 ) and probably mainly sustained by external entrances, whereas recruitment roughly correlated with variation in settlement on the rock wall. Nevertheless, to fully establish the importance of settlement in determining recruitment and adult population patterns on the rock wall a longer time frame is needed (see Sala et al. 1998 , Hereu et al. 2004 . Our study stresses the importance of prolonged sampling periods when there is high interannual variability. Most of the significant differences in settlement were found during the strong settlement peak of spring 2000. Had we missed this episode, our conclusions may have been different. Punctual events seem to be highly relevant to the dynamics of pluriannual species such as sea urchins, and samplings should be designed to try to capture these events.
The lack of successful recruitment in the seagrass meadow despite noticeable settlement poses intriguing questions as to the cost of these 'errors' in settlement and as to the evolutive forces that shape larval behaviour at settlement. Why did larvae not avoid a predictably dangerous habitat for juveniles? Sea urchin outbreaks in seagrass meadows (e.g. Verlaque & Nédelec 1983 , Ruiz et al. 2001 point to sporadic successful years that may counteract mortality in other years. The factors which can reverse the observed failure of recruitment (e.g. eutrophication phenomena) are not well understood but may hold the key to the particular dynamics observed in this community.
